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ABSTRACT 



Aims. We investigate the chemical evolution of the Small Magellanic Cloud (SMC) based on abundance data of planetary 
nebulae (PNe). The main goal is to investigate the time evolution of the oxygen abundance in this galaxy by deriving 
an age-metallicity relation. Such a relation is of fundamental importance as an observational constraint of chemical 
evolution models of the SMC. 

Methods. We have used high quality PNe data in order to derive the properties of the progenitor stars, so that the 
stellar ages could be estimated. We collected a large number of measured spectral fluxes for each nebula, and derived 
accurate physical parameters and nebular abundances. New spectral data for a sample of SMC PNe obtained between 
1999 and 2002 are also presented. These data are used together with data available in the literature to improve the 
accuracy of the fluxes for each spectral line. 

Results. We obtained accurate chemical abundances for PNe in the Small Magellanic Cloud, which can be useful as 
tools in the study of the chemical evolution of this galaxy and of Local Group galaxies. We present the resulting oxygen 
versus age diagram and a similar relation involving the [Fe/H] metallicity based on a correlation with stellar data. We 
discuss the implications of the derived age-metallicity relation for the SMC formation, in particular by suggesting a 
star formation burst in the last 2-3 Gyr. 

Key words, abundances - Small Magellanic Cloud - planetary nebulae - chemical evolution 



1. Introduction 

A comprehensive study of the chemical enrichment in a 
given stellar system involves the determination of accurate 
abundances and the building of several chemical diagrams 
showing the evolution of the abundances of different ele- 
. 5^ ' ments and their variation with time. In particular, diagrams 
, of the abundances as a function of age are fundamental in 
5^ I order to decrease the number of possible solutions of chem- 
I ical evolution models, working as a strong constraint to 
these models. The understanding of the evolutionary pro- 
cess of the Magellanic Clouds, and of the Small Magellanic 
Cloud (SMC) in particular, is important in many aspects: 
the metallicity of the SMC is closer to that of a primor- 
dial galaxy than the Large Magellanic Cloud (LMC) or the 
Galaxy, its distance is well known and the local reddening 
is considerably lower than that of the Galactic disk. 

The star formation histories of the LMC and SMC seem 
to present different patterns from each other, and are in 
many respects still controversial (cf. Olszewski et al. I1996P . 
Bertelli et al. p992p pointed out that the LMC experienced 
an episode of star formation around 3-5 Gyr ago, while the 
star formation history of the SMC would indicate a con- 
stant formation rate during the last 2-12 Gyr (Dolphin et 
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al. lMJT)) . On the other hand, Piatti et al. ((MI^ studied a 
sample of clusters in the SMC and concluded that there is a 
peak in their age distribution at 2.5 Gyr, which corresponds 
to a very close encounter between the LMC and the SMC 
according to dynamical models, in agreement with the re- 
sults from the bursting model by Pagel and Tautvaisiene 
(I1998p . adopting a burst that occurred 3 Gyr ago. More 
recent work on the SMC, especially on the basis of the age 
distribution of stellar clusters, is consistent with a star for- 
mation burst in the last few Gyr, as we will discuss in more 
detail in Section 6. 



In this work, we obtain accurate chemical abundances 
for planetary nebulae in the SMC and use these results 
to study the chemical evolution of this galaxy. To do this, 
high quality PNe data are needed, especially to derive the 
properties of PNe progenitors to estimate their ages. Our 
first goal was to collect a large number of measured spec- 
tral fluxes for each SMC PNe, in order to derive accurate 
physical parameters and abundances. We also present new 
spectral data for a sample of SMC PNe obtained by our 
group between 1999 and 2002. These data are combined 
with data available in the literature to improve the accu- 
racy of the fluxes for each PNe spectral line. Finally, we 
present an age-metallicity relationship in the form of oxy- 
gen abundances relative to the sun as a function of age 
and [Fe/H]-age diagrams, and discuss their implications for 
SMC formation. 
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Fig. 1. An example of a spectrum of the planetary nebula 
SMP 15 in the SMC. 



metric calibration process depend mainly on the derived 
sensitivity function for each night, which is related to dis- 
tinct factors like the S/N for each line, the adopted atmo- 
spheric extinction coefficient and photometric quality of the 
night. Uncertainties in the individual measurements of each 
line are estimated as about 4% for lines stronger than 100 
(in the H/3=100 scale), 10% for lines between 10 and 100, 
15% for lines between 1 and 10, and 32% for lines weaker 
than 1 in the same scale. The errors quoted in Table 2 are 
the resulting dispersions from the average on the individ- 
ual measurements. In this table, the first column gives the 
wavelength (in A) and the ion responsible for the transition, 
while the remaining columns give the measured fluxes in the 
H/3 = 100 scale, followed by the estimated uncertainty and 
the number of measurements taken. In this table, as in all 
remaining tables of this paper, no errors are given when 
only one measurement was available. 



2. The sample 

2.1. Observations and data reduction 

Observations were performed using telescopes at ESO 
La Silla (1.52 m) and at the Laboratorio Nacional de 
Astroffsica (LNA), Brazil (1.60 m). Weather conditions are 
normally different in both observatories: at ESO/La Silla 
the average seeing is typically smaller than 1" , and for mea- 
surements at this site we used slit width of 1" . On the other 
hand, at LNA we adopted 1.5" slit width due to the poorer 
seeing conditions. All measurements were performed with 
airmass smaller than X =1.5 in order to keep the spec- 
trophotometric accuracy of the results. In both observa- 
tories, long east-west slits were used in all cases. Also, in 
both observatories, Boiler & Chivens Cassegrain spectro- 
graphs were used; at ESO with CCD and grating allowing 
a reciprocal dispersion of about 2.5 A/pixel, and at LNA 
with a CCD and grating with smaller dispersion, namely, 
4.4 A/pixel. This sample includes 36 objects, and the log 
of the observations is given in Table [TJ In this table we 
also included the exposures times t^x in seconds and the 
extinction coefficient Cext derived from the Ha/Hz? ratios 
assuming Case B (Osterbrock I1989P and adopting the ex- 
tinction law by Cardelli et al. p989p . The PNe marked with 
an asterisk have been included in Costa et al. (|200T7j) . but 
for 8 of these objects new observations have been made. 

Image reduction and analysis were performed using the 
IRAF package, including the classical procedure to reduce 
long slit spectra: bias, dark and flat-field corrections, spec- 
tral profile extraction, wavelength and flux calibrations. 
Atmospheric extinction was corrected using mean coeffi- 
cients for each observatory, and flux calibration was secured 
by the observation of standard stars (at least three) ev- 
ery night. Emission line fluxes were calculated assuming 
Gaussian profiles, and a Gaussian de-blending routine was 
used when necessary. Fig. [T] presents a sample spectrum for 
the planetary nebula SMP 15 in the SMC, taken in October, 
2002. 

The PNe sample given in Table [T] was observed in order 
to improve the measured line fluxes. In Table 2 (available 
in electronic form at the CDS), we report the new mea- 
sured fluxes with errors including those from Costa et al. 
(|2000p for the lines used in this work. These fluxes were 
corrected from reddening and are presented in the II/3 = 
100 scale. Typical errors at the end of the spectrophoto- 



2.2. Additional objects 

In order to obtain a more significant sample, we have also 
taken into account some SMC nebulae from the litera- 
ture, as well as flux measurements of the nebulae given in 
Tabled] by different sources. The new objects are SMP 32, 
SMP 34, MGPN 6, MGPN8, MGPN 9, MGPN 10, MGPN 
12, MaOl, Ma02, and [M95] 8. The total sample includes 
then 46 objects, and is shown in Table 3. In this table, 
which is also available at the CDS, the final flux data used 
to derive the physical parameters of the nebulae are pre- 
sented in the same form as in Table 2. The line fluxes given 
in this table are simple averages of our data and other 
data compiled from the literature, taken from Webster 
mm . Osmer (jMED, Dufou r & Killen (fWTI) . Aller e t 
al. (1981 ), Monk et al. (U Mll), Boroson fc Liebert ((T989)) . 
Meatheringham & Dopita (|1991al I1991bp , Vassiliadis et al. 
dung), Meyssonnier PMS]) . and Leisy & Dennefeld (1996)) . 
Too discrepant flux values were discarded. 

The CIII] A1907,1909 fluxes as given in Table 3 were 
measured from lUE spectra, adopting an average extinc- 
tion coefficient. This coefficient was taken as a simple, un- 
weighted average from several references, and is given in 
Table 21 where the original references are shown. These 
references include Monk et al. (jl988), Boroson & Liebert 
(1989)), Meatheringham et al. p"^91a, 1991bj), Vassihadis 
et al. (HMH), Meys sonier (|TM5|) , Costa et al. (PDOU)) . 
Stanghellin i et al. p003)) . Leisy p006)) . and Leisy & 
Dennefeld (|2006p . apart from our own measurements. 

3. Physical parameters 

Mean electron densities were estimated from the [SII] 
line ratio A6716/6730. The observational dispersions in [SII] 
line fluxes were taken into account for N^, calculations, giv- 
ing a range of possible solutions for [SII] line ratios between 
0.45 and 1.44. Mean electron temperatures Tg were derived 
from the lines ratios [Nil] (A6548-|-6583)/5755 and [OIII] 
(A4959-|-5007)/4363. Table [5] shows the estimated mean 
electron densities (cm~^) and temperatures (K) for each 
PNe. Errors were estimated by using classical error propa- 
gation both for electron densities and temperatures, leading 
to typical uncertainties of up to a factor of 2-3 in densities 
and of 10% to 30% in the temperatures. It should be noted, 
however, that a proper account for the true accuracy of the 
derived physical parameters has to consider the number of 
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Table 1. Log of the observations. 



Object 


Date 




Site 


^ex ) 


Cext 


Object 


Date 




Site 




^ext 


SMP 


1* 


1999 


Aug 19 


ESO 


3600 


0.18 


SMP 16* 


1999 


Dec 29 


ESO 


2400 


0.03 






2002 


Set 25 


ESO 


3600 


0.23 


SMP 17* 


1999 


Aug 17 


ESO 


1800 


0.64 


SMP 


2* 


1999 


Aug 19 


ESO 


2400 


0.18 


SMP 18* 


1999 


Aug 17 


ESO 


2400 


0.28 


SMP 


3* 


1999 


Aug 19 


ESO 


2100 


0.07 




2002 


Oct 11 


ESO 


3600 


0.37 


SMP 


4* 


1999 


Aug 20 


ESO 


2400 


0.00 


SMP 19* 


1999 


Aug 18 


ESO 


3600 


0.45 






2002 


Oct 12 


ESO 


3000 


0,00 


SMP 20 


2002 


Oct 11 


ESO 


2400 


0.00 


SMP 


5* 


1999 


Jul 18 


LNA 


2400 


0.67 


SMP 21* 


1999 


Dec 28 


ESO 


2400 


0.26 


SMP 


6* 


1999 


Jul 18 


LNA 


2400 


0.42 


SMP 22* 


1999 


Aug 17 


ESO 


1800 


0.39 






2002 


Set 25 


ESO 


5400 


0.45 


SMP 23* 


1999 


Aug 20 


ESO 


2400 


0.00 






2002 


Oct 13 


ESO 


2400 


0.61 


SMP 24 


2002 


Oct 10 


ESO 


3000 


0.03 


SMP 


7* 


1999 


Aug 15 


ESO 


3600 


0.15 


SMP 25* 


1999 


Dec 28 


ESO 


3000 


0.00 


SMP 


8* 


1999 


Aug 20 


ESO 


2400 


0.03 


SMP 26 


2002 


Set 27 


ESO 


3600 


0.00 






2002 


Set 27 


ESO 


2400 


0.55 


SMP 27 


2002 


Set 27 


ESO 


2400 


0.00 


SMP 


9* 


1999 


Jul 20 


LNA 


2400 


0.95 


SMP 28 


2002 


Oct 10 


ESO 


3600 


0.00 






1999 


Dec 28 


ESO 


3000 


0.92 


MGPN 1 


2002 


Oct 09 


ESO 


3600 


2.38 


SMP 


10* 


1999 


Jul 20 


LNA 


2400 


0.90 


MGPN 2 


2002 


Oct 10 


ESO 


3600 


2.87 






2002 


Set 28 


ESO 


3600 


0.07 


MGPN 3 


2002 


Oct 11 


ESO 


3600 


0.16 


SMP 


11* 


1999 


Dec 26 


ESO 


2400 


0.59 


MGPN 5 


2002 


Oct 12 


ESO 


3600 


0.00 






2002 


Oct 08 


ESO 


3600 


0.62 


MGPN 7 


2002 


Oct 13 


ESO 


3600 


0.99 


SMP 


12* 


1999 


Aug 16 


ESO 


3600 


0.00 


MGPN 11 


2002 


Oct 09 


ESO 


3600 


1.72 


SMP 


13* 


1999 


Dec 26 


ESO 


2400 


0.05 


MGPN 13 


2002 


Set 27 


ESO 


2400 


0.39 






2002 


Set 28 


ESO 


3600 


0.64 


[M95] 9* 


1999 


Aug 15 


ESO 


3600 


0.24 


SMP 


14* 


1999 


Dec 27 


ESO 


2400 


0.05 














SMP 


15 


1999 
2002 


Aug 16 
Oct 10 


ESO 
ESO 


3600 
3000 


0.26 
0.00 















Table 4. Average extinction coefficients and references. 



Object 


{Cext) 


References* 


Object 


{Cext} 


References* 


SMP 


1 


0.26 ±0.07 


3,1,2,8,9 


SMP 24 


0.03 ±0.03 


1,2,9 


SMP 


2 


0.28 ±0.09 


3,2,6,8 


SMP 25 


0.19 ±0.19 


1,2,6,9 


SMP 


3 


0.06 ±0.10 


3,2,6,8 


SMP 26 


0.31 ±0.24 


1,2,6,9 


SMP 


4 


0.17 ±0.25 


3,1,2 


SMP 27 


0.03 ±0.04 


3,2,6,8,9 


SMP 


5 


0.43 ±0.28 


3,6,8 


SMP 28 


0.15 ±0.09 


3,2,6,8 


SMP 


6 


0.57 ±0.15 


3,1,2,6,8,9 


SMP 32 


0.00 


2 


SMP 


7 


0.15 ±0.09 


3,4,2,6 


SMP 34 


0.10 ±0.09 


2,9 


SMP 


8 


0.27 ±0.25 


3,1,2,8,9 


MGPN 1 


2.38 


1 


SMP 


9 


0.93 ±0.02 


3,1 


MGPN 2 


2.87 


1 


SMP 


10 


0.52 ±0.42 


1,2,8 


MGPN 3 


0.16 


1 


SMP 


11 


0.56 ±0.26 


3,1,7,2,6,8,9 


MGPN 5 


0.00 


1 


SMP 


12 


0.14 ±0.19 


3,2,9 


MGPN 6 


0.26 


5 


SMP 


13 


0.30 ±0.21 


3,1,2,6,8,9 


MGPN 7 


0.99 ±0.01 


1,2 


SMP 


14 


0.16 ±0.11 


3,2,6,8,9 


MGPN 8 


0.00 


5 


SMP 


15 


0.16 ±0.12 


3,1,2 


MGPN 9 


1.08 


2 


SMP 


16 


0.02 ±0.02 


3,2 


MGPN 10 


0.12 


5 


SMP 


17 


0.65 ±0.24 


3,2,8 


MGPN 11 


1.72 


1 


SMP 


18 


0.32 ±0.16 


3,1,8,9 


MGPN 12 


0.56 


2 


SMP 


19 


0.37 ±0.23 


3,2,8,9 


MGPN 13 


0.34 ±0.08 


1,2 


SMP 


20 


0.03 ±0.03 


1,2,6 


Ma 01 


0.00 


5 


SMP 


21 


0.24 ±0.18 


3,1,6 


Ma 02 


0.99 


5 


SMP 


22 


0.29 ±0.14 


3,2,6,9 


[M95] 8 


0.63 


8 


SMP 


23 


0.05 ±0.06 


3,2,6,9 


[M95] 9 


0.24 


3 



* References of individual coefficients 

(1) This work 

(2) Leisy (f2006ll , Leisy & Dennefeld (|2006ll 

(3) Costa et al. (pOOOl) 

(4) Meyssonnier (|199 5| 

(5) Vassiliadis et al. (fl992|) 

(6) Meatheringham & D opita (|1991al I1991b|) 

(7) Boronson & Lieber t (fT989]l 

(8) Monk et al. lfT988ll 

(9) Stanghellini et al. (|2003]| 
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Fig. 2. Electron temperatures of PNe estimated from 
[Nil] and [OIII] lines. Error bars are provided only for ob- 
jects having more than one temperature determination. 

flux measurements for each line. Those with few measure- 
ments may induce artificially low dispersions in their final 
values. In the case of a single measurement, again no error 
estimates are given. When the [SII] line ratio was outside 
the range 0.45-1.44, upper and lower electron density limits 
of Ne = 50000 cm^"^ and 10 cm~'^ respectively, were con- 
sidered. Fig. [2] shows the final estimated Te from [Nil] and 
[OIII] lines. Error bars are plotted only for objects having 
more than one temperature determination. For those ob- 
jects with a single measurement, an uncertainty of up to 
30% was estimated, as mentioned. For most nebulae there 
is a general agreement between the temperatures, in the 
sense that they do not differ by more than about 50%, a 
result similar to that obtained by Kingsburgh & Barlow 
(|1994p for Galactic PNe. However, the ratio of the [Nil] to 
[OIII] temperatures depends on the excitation conditions, 
and we find that for about 1/3 of the objects in the sample, 
the temperatures derived from [Nil] lines are appreciably 
higher, which probably reflects the physical conditions in 
different parts of the nebulae. For the estimate of abun- 
dances, we decided to use from [OIII] lines due to the 
larger uncertainties in the [Nil] fluxes. 

4. Abundances 

4.1. Helium abundances 

Helium abundances were estimated using the mean electron 
temperatures and densities derived in the previous section. 
In view of their relatively intense flux, the lines used to 
derive the He abundance were Hel A5876 and Hell A4686. 
The total helium abundance is then given by 

He ^ 05876 X^876 + "^4676 ^leye ^j^-j 
H 04861 -''^4861 

where a\ are the total recombination coefficients and X\ 
represent the fluxes in units of the H/3 line flux. The total 
recombination coefficients are taken from Pequignot et al. 
(|1991jl . In the case of Hel lines, corrections of important col- 
lisional effects were made in the recombination coefficients, 
using the collision-to-recombination correction factors from 
Kingdon & Ferland (1995J. 

Table [6] shows the derived ionic and total helium abun- 
dances relative to hydrogen, by number of atoms. In this 



table and in the next one the notation 2 x 10^** = 2(— 4) 
has been used. Errors were estimated by propagating the 
observational uncertainties in Hel and Hell line fluxes and 
in the Tg and derivation. In the case of MG7 the He 
abundance was calculated from the A4471 line. For MG8 
and MG13 average values have been used. 



Ionic abundances were estimated for the ions present in the 
optical spectra by solving the statistical equilibrium equa- 
tions for a three-level atom model, including radiative and 
collisional transitions. The resulting ionic abundances with 
uncertainties are given in Table 7 (available at the CDS). In 
this table, the first line of each nebula gives the ionic abun- 
dances by number of atoms relative to hydrogen, while the 
second line gives the uncertainties. The asterisks (*) indi- 
cate that the corresponding dispersion is due to different 
measurements in electronic temperature and/or densities, 
while double asterisks (**) indicate that the dispersions 
are due to different measurements in the ionic line only. 
The sign (:) indicates only one measurement of the electron 
temperature, density and ionic line, so that no errors are 
given. The elemental abundances were then derived using 
ionization correction factors (ICF). We adopted the same 
ICE given by Escudero et al. (|20(M|) to account for unob- 
served ions of each element. The corresponding elemental 
abundances are given in columns 2 to 7 of Table [51 in the 
form e(X) = log(X/H) -t- 12, as usual. It should be noted 
that the uncertainties given in Tableware formal uncertain- 
ties, which are essentially an estimate of the dispersion in 
the considered measurements, as discussed in Section 2. A 
more realistic estimate of the errors may be obtained from 
a comparison with other determinations in the literature 
(cf. section 4.4), and may reach about 0.1 to 0.2 dex for the 
best measured elements, and about 0.3 dex for those with 
the weakest lines. 

In order to derive the carbon abundances we adopted 
the following procedure: ionic abundances of carbon and 
oxygen were derived from the ultraviolet CIII]A1909 and 
OIII]A1663 lines, according to the formulae by AUer (1984j). 
Rola & Stasinska (|1994) pointed out that the elemental 
ratio C/0 can be safely approximated by the C+^/0+^ 
ratio, except for very low excitation objects (those with 
[OIII]A5007/H/3 < 3), for which this assumption is not 
valid. We derived the C/0 ratio, and, by taking the oxygen 
abundance derived from the optical data, the carbon abun- 
dances were derived for the nebulae. However, one should 
keep in mind that, as concluded by Rola & Stasinska (I1994p . 
the C/0 ratio for a given object may present discrepancies 
according to the fines (in the optical and/or UV range) 
used. In particular, when derived only from UV lines, it 
tends to be underestimated when compared to values de- 
rived from optical and UV lines. We adopted the procedure 
described above, mainly due to the uncertainties implicit in 
the reddening determination that can lead to large errors 
when UV and optical lines are combined. 

4.3. The total heavy element abundance Z 

In order to extend our study to the PNe central stars, an 
estimate of the total heavy element abundance by mass Z 
is needed. We have initially obtained an estimate of Z for 



4.2. Ionic and elemental abundances 
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Object 


iV,[SIIJ 


Te|NII] 


T4om\ 




Object 


iVe[Sll| 




T^OIIIJ 




SMP 


1 


> 50000 


15720 ± 2260 


11360 ± 


1090 


SMP 24 


1240 


13940 ± 2760 


11720 ± 


1030 


SMP 


2 


2740 


12650 ± 2500 


14040 ± 


930 


SMP 25 


740 


33510 ± 12820 


36260 ± 


2400 


SMP 


3 


4910 




12990 ± 


610 


SMP 26 


840 


13330 ± 680 


18800 ± 


3200 


SMP 


4 


1470 


50230 ± 32120 


15040 ± 


1050 


SMP 27 


11250 


18590 ± 10230 


12250 ± 


3200 


SMP 


5 


4630 


12600 ± 790 


13280 ± 


860 


SMP 28 


2360 


18250 ± 1020 


23250 ± 


2790 


SMP 


6 


> 50000 


13960 ± 1550 


13740 ± 


720 


SMP 32 


1790 




14760 




SMP 


7 


1790 


49860 ± 13260 


16950 ± 


1480 


SMP 34 


490 


9770 


12940 




SMP 


8 


1790 


19070 ± 8380 


12180 ± 


920 


MGPN 1 


460 


58890 ± 10570 


14680 ± 


330 


SMP 


9 


790 


36460 ± 20210 


13850 ± 


620 


MGPN 2 


500 




25440 ± 


2060 


SMP 


10 


895 


26610 ± 6620 


11180 ± 


1000 


MGPN 3 


580 




17970 ± 


330 


SMP 


11 


1190 


22290 ± 4300 


15140 ± 


1410 


MGPN 5 


100 




17700 ± 


6020 


SMP 


12 


580 




13300 ± 


760 


MGPN 6 


580 




85370 




SMP 


13 


1730 




12300 ± 


1320 


MGPN 7 


445 


23090 ± 650 


15960 ± 


740 


SMP 


14 


1470 




13450 ± 


590 


MGPN 8 


> 50000 




23900 




SMP 


15 


3350 


18500 ± 2910 


12440 ± 


840 


MGPN 9 


4010 


36200 


20870 




SMP 


16 


> 50000 


9180 ± 700 


11000 ± 


1300 


MGPN 10 


580 




25820 




SMP 


17 


> 50000 


10810 ± 2950 


11560 ± 


920 


MGPN 11 


< 10 


22290 ± 1100 


16700 ± 


5900 


SMP 


18 


6020 


17260 ± 7840 


10740 ± 


1900 


MGPN 12 


1170 


12760 


22030 




SMP 


19 


4510 


29150 ± 19590 


13470 ± 


1900 


MGPN 13 


2470 




20130 ± 


3620 


SMP 


20 


1470 


38040 ± 2870 


13000 ± 


860 


Ma 01 


580 




19690 




SMP 


21 


11250 


20740 ± 12060 


23540 ± 


9120 


Ma 02 


580 




20990 




SMP 


22 


1660 


12530 ± 1080 


25720 ± 


1950 


[M95] 8 










SMP 


23 


580 




13265 ± 


319 


[M95] 9 


230 




12400 ± 


740 



Table 6. Helium ionic and total abundances. 



Object 




Hel 




Hell 


He 








Object 




Hel 




Hell 


He 








SMP 


1 


0, 


.071 ±0, 


.012 


l(-3)±2(-4) 


0, 


.072 


± 


0, 


.012 


SMP 24 


0, 


.097 


±0, 


.011 




0, 


,097 


± 


0, 


,011 


SMP 


2 


0, 


.072 ± 0, 


.008 


0.018 ±0.003 


0, 


.090 


± 


0, 


.009 


SMP 25 


0, 


.057 


±0, 


.006 


4(-3) ±9(-4) 


0, 


,061 


± 


0, 


,006 


SMP 


3 


0, 


.114 ±0, 


.001 


7(-3) ±8(-4) 


0, 


.121 


± 


0, 


.001 


SMP 26 


0, 


.058 


±0, 


.017 


0.018 ± 0.002 


0. 


,075 


± 


0, 


,017 


SMP 


4 


0, 


.124 ±0, 


.011 


2(-4) ± 2(-4) 


0, 


.125 


± 


0, 


.011 


SMP 27 


0, 


.091 


±0, 


.009 


l(-3)±3(-5) 


0. 


,092 


± 


0, 


,009 


SMP 


5 


0, 


.069 ± 0, 


.009 


0.026 ± 0.002 


0, 


.095 


± 


0, 


.009 


SMP 28 


0, 


.089 


±0, 


.009 


12(-3) ±6(-4) 


0, 


,100 


± 


0, 


,009 


SMP 


6 


0, 


.087 ±0, 


.010 


3(-4) ±4(-6) 


0, 


.088 


± 


0, 


.010 


SMP 32 


0, 


.085 


±0, 


.007 


0.006 


0, 


,091 


± 


0, 


,007 


SMP 


7 


0, 


.080 ± 0, 


.008 


4(-3) ±7(-4) 


0, 


.084 


± 


0, 


.008 


SMP 34 


0, 


.079 


±0, 


.008 


0.006 


0. 


,085 


± 


0, 


,008 


SMP 


8 


0, 


.099 ± 0, 


.014 




0, 


.099 


± 


0, 


.014 


MGPN 1 


0, 


.151 


±0, 


.023 


ll(-3) ±3(-4) 


0. 


,161 


± 


0, 


,023 


SMP 


9 


0, 


.030 ± 0, 


.004 


0.034 ± 0.006 


0, 


.064 


± 


0, 


.007 


MGPN 2 


0, 


.067 


±0, 


.026 


2(-3)±l(-4) 


0, 


,069 


± 


0, 


,026 


SMP 


10 


0, 


.087 ±0, 


.011 


6(-4) ±6(-4) 


0, 


.088 


± 


0, 


.011 


MGPN 3 


0, 


.129 


±0, 


.014 


7(-3) ±2(-4) 


0. 


,136 


± 


0, 


,014 


SMP 


11 


0, 


.085 ± 0, 


.010 


l(_3)±8(-5) 


0, 


.086 


± 


0, 


.010 


MGPN 5 


0, 


.067 


±0, 


.038 


0.034 ± 0.002 


0. 


,101 


± 


0, 


,038 


SMP 


12 


0, 


.107 ±0, 


.009 


l(-3)±3(-4) 


0, 


.108 


± 


0, 


.009 


MGPN 6 


0, 


.149 


±0, 


.012 


0.002 


0, 


,151 


± 


0, 


,012 


SMP 


13 


0, 


.107 ±0, 


.015 


2(-4)±7(-6) 


0, 


.107 


± 


0, 


.015 


MGPN 7 


0, 


.104 


±0, 


.050 


0.013 ±0.005 


0, 


,117 


± 


0, 


,050 


SMP 


14 


0, 


.062 ± 0, 


.007 


0.021 ±0.004 


0, 


.084 


± 


0, 


.008 


MGPN 8 


0, 


.019 


±0, 


.006 


5(-3) ±6(-5) 


0, 


,024 


± 


0, 


,006 


SMP 


15 


0, 


.104 ±0, 


.011 


5(-4)±3(-4) 


0, 


.105 


± 


0, 


.011 


MGPN 9 


0, 


.063 


±0, 


.007 


l(-4) 


0. 


,063 


± 


0, 


,007 


SMP 


16 


0, 


.062 ± 0, 


.008 


6(-4)±3(-4) 


0, 


.063 


± 


0, 


.008 


MGPN 10 


0, 


.070 


±0, 


.006 


0.019 


0. 


,089 


± 


0, 


,006 


SMP 


17 


0, 


.103 ±0, 


.024 


l(-3)±2(-4) 


0, 


.104 


± 


0, 


.024 


MGPN 11 


0, 


.218 


±0, 


.036 


0.008 ± 0.004 


0, 


,227 


± 


0, 


,036 


SMP 


18 


0, 


.086 ± 0, 


.008 


0, 


.086 


± 


0, 


.008 


MGPN 12 


0, 


.118 


±0, 


.010 


0.013 


0. 


,131 


± 


0, 


,010 


SMP 


19 


0, 


.055 ±0, 


.008 


0.026 ± 0.003 


0, 


.081 


± 


0, 


.009 


MGPN 13 


0, 


.006 


±0, 


.002 


0.031 ± 0.003 


0. 


,037 


± 


0, 


,003 


SMP 


20 


0, 


.118 ±0, 


.020 


2(_4)±4(-6) 


0, 


.119 


± 


0, 


.020 


Ma 01 


0, 


.167 


±0, 


.014 


0.007 


0. 


,174 


± 


0, 


,014 


SMP 


21 


0, 


.075 ± 0, 


.017 


0.007 ± 0.001 


0, 


.082 


± 


0, 


.017 


Ma 02 


0, 


.049 


±0, 


.004 


0.011 


0. 


,061 


± 


0, 


,004 


SMP 


22 


0, 


.062 ± 0, 


.007 


ll(-3)±9(-4) 


0, 


.073 


± 


0, 


.007 


[M95] 8 






















SMP 


23 


0, 


.095 ± 0, 


.011 


2(-3) ±2(-4) 


0, 


.097 


± 


0, 


.011 


[M95] 9 


0, 


.083 


±0, 


.007 




0. 


,083 


± 


0, 


,007 



the PNe in our sample adopting the procedure outlined by 
Chiappini & Maciel (jl994p . so that we may write 

^ _ jni/nH) 

"1 + 4 (He/H) ± J2 A., {n.,/nH) ^ ' 

where Ai and ni/nu are the mass number and abundance 
of element i relative to H, respectively, and the sum in- 
cludes the metals {Ai > 2) for which detailed abundances 
are available. Some of the observed elements (He, C, N) are 
contaminated during the evolution of the PNe central star, 
which introduces an error in the estimate of Z. In order to 
overcome such difficulty, we have considered an alternative 



approach based on a correlation between the heavy element 
and the oxygen abundances (cf. Chiappini & Maciel fT994p . 
Additionally, we have attempted to correct the heavy ele- 
ment abundances given by Eq. 2 by assuming that a fraction 
of the observed abundances of these elements has in fact 
been produced by nucleosynthetic processes in the progen- 
itor stars. It turns out that the different estimates of the 
heavy element abundances are very similar, with average 
deviations AZ ~ 0.001 to 0.002, which is probably due to 
the dominant role of oxygen, which is not enhanced in the 
progenitor stars. The adopted heavy element abundances 
Z are given in the last column of Table [H 



6 



T. P. Idiart et al.: Chemical evolution of the SMC 



Table 8. Elemental abundances. 



Object 






C 










N 








S 






Ar 








Ne 




O 










z 






SMP 1 


8. 


,11 


± 


0, 


,26 


7. 


,08 


± 


0, 


,12 


6. 


,37 ± 0.03 


6, 


,04 


± 


0, 


.11 


7, 


,57 ± 0.04 


8.26 


± 


0, 


,11 


0, 


,006 


± 


0, 


,001 


SMP 2 


7. 


.99 


± 


0, 


,25 


7. 


,59 


± 


0, 


,07 


7. 


,09 ± 0.02 


5, 


,62 


± 


0, 


.07 


7, 


,30 ± 0.02 


8.20 


± 


0, 


,07 


0, 


,005 


± 


0, 


,001 


SMP 3 


7. 


,98 


± 


0, 


,25 


7. 


,28 


± 


0, 


,08 


7. 


13 ± 0.02 


5, 


,40 


± 


0, 


.08 


7, 


,36 ± 0.01 


8.20 


± 


0, 


,08 


0, 


,005 


± 


0, 


.001 


SMP 4 


7. 


,45 


± 


0, 


,25 


7. 


,48 


± 


0, 


,07 


7. 


,68 ± 0.02 


5, 


,25 


± 


0, 


.07 


7, 


,15 ± 0.01 


7.91 


± 


0, 


,07 


0, 


,004 


± 


0, 


.001 


SMP 5 


8. 


,36 


± 


0, 


,25 


7. 


,72 


± 


0, 


,07 


7. 


,50 ± 0.02 


5, 


,89 


± 


0, 


.07 


7, 


,48 ± 0.02 


8.39 


± 


0, 


,07 


0, 


,009 


± 


0, 


.002 


SMP 6 


8. 


,03 


± 


0, 


,25 


7. 


,66 


± 


0, 


,08 


6. 


,80 ± 0.03 


5, 


,81 


± 


0, 


.08 


7, 


,46 ± 0.02 


8.22 


± 


0, 


,07 


0, 


,005 


± 


0, 


.001 


SMP 7 


7. 


,54 


± 


0, 


,25 


7. 


,31 


± 


0, 


,08 


7. 


,00 ± 0.01 


5, 


,30 


± 


0, 


.09 


7, 


,26 ± 0.02 


7.96 


± 


0, 


,07 


0, 


,003 


± 


0, 


.001 


SMP 8 


7. 


,78 


± 


0, 


,26 


7. 


,04 


± 


0, 


,10 


7. 


11 ± 0.02 


5, 


,48 


± 


0, 


.09 


7, 


,23 ± 0.02 


8.09 


± 


0, 


,09 


0, 


,004 


± 


0, 


.001 


SMP 9 


8, 


,58 


± 


0, 


,26 


7. 


69 


± 


0, 


,09 


6. 


,94 ± 0.03 


6, 


,07 


± 


0, 


.08 


7, 


,51 ± 0.02 


8.51 


± 


0, 


,08 


0, 


,011 


± 


0, 


.003 


SMP 10 


8. 


,18 


± 


0, 


,25 


7. 


,80 


± 


0, 


,10 


7. 


,33 ± 0.05 


5, 


,66 


± 


0, 


.09 


7, 


,50 ± 0.03 


8.30 


± 


0, 


,08 


0, 


,007 


± 


0, 


.001 


SMP 11 


7. 


,11 


± 


0, 


,25 


6. 


,52 


± 


0, 


,08 


6. 


,42 ± 0.02 


5, 


,86 


± 


0, 


.08 


6, 


,91 ± 0.03 


7.74 


± 


0, 


,08 


0, 


,001 


± 


0, 


.001 


SMP 12 


7. 


,48 


± 


0, 


,25 


7. 


,29 


± 


0, 


,07 


8. 


16 ± 0.04 


5, 


,05 


± 


0, 


.07 


7, 


,11 ± 0.01 


7.93 


± 


0, 


,06 


0, 


,007 


± 


0, 


.001 


SMP 13 


8. 


,03 


± 


0, 


,26 


7. 


,79 


± 


0, 


,10 


7. 


,41 ± 0.03 


5, 


,53 


± 


0, 


.09 


7, 


,36 ± 0.02 


8.22 


± 


0, 


,09 


0, 


,006 


± 


0, 


.001 


SMP 14 


8. 


,15 


± 


0, 


,25 


7. 


,65 


± 


0, 


,07 


7. 


11 ± 0.02 


5, 


,64 


± 


0, 


.07 


7, 


,44 ± 0.01 


8.29 


± 


0, 


,07 


0, 


,006 


± 


0, 


.001 


SMP 15 


7. 


,73 


± 


0, 


,25 


7. 


,80 


± 


0, 


,08 


7. 


,37 ± 0.03 


5, 


,58 


± 


0, 


.07 


7, 


,41 ± 0.01 


8.06 


± 


0, 


,07 


0, 


,005 


± 


0, 


.001 


SMP 16 


8. 


,89 


± 


0, 


,26 


7. 


11 


± 


0, 


,10 


6. 


,55 ± 0.02 


6, 


,31 


± 


0, 


.10 


8, 


,03 ± 0.05 


8.67 


± 


0, 


,09 


0, 


,019 


± 


0, 


.006 


SMP 17 


8. 


,63 


± 


0, 


,28 


7. 


,06 


± 


0, 


,15 


6. 


,68 ± 0.02 


5, 


,84 


± 


0, 


.15 


7, 


,73 ± 0.03 


8.54 


± 


0, 


,14 


0, 


,012 


± 


0, 


.004 


SMP 18 


7. 


,68 


± 


0, 


,25 


7. 


32 


± 


0, 


,15 


6. 


,54 ± 0.03 


5, 


,82 


± 


0, 


.08 


7, 


,46 ± 0.05 


8.04 


± 


0, 


,07 


0, 


,003 


± 


0, 


.001 


SMP 19 


8. 


,16 


± 


0, 


,26 


7. 


,79 


± 


0, 


,11 


7. 


16 ± 0.03 


5, 


,40 


± 


0, 


.09 


7, 


,34 ± 0.03 


8.29 


± 


0, 


,09 


0, 


,007 


± 


0, 


.001 


SMP 20 


7. 


,30 


± 


0, 


,26 


7. 


,44 


± 


0, 


,11 


7. 


,21 ± 0.02 


5, 


,01 


± 


0, 


.11 


7, 


,06 ± 0.01 


7.84 


± 


0, 


,11 


0, 


,002 


± 


0, 


.001 


SMP 21 


6, 


,59 


± 


0, 


,28 


7. 


,85 


± 


0, 


,20 


6. 


,71 ± 0.05 


5, 


,42 


± 


0, 


.15 


6, 


,88 ± 0.05 


7.46 


± 


0, 


,14 


0, 


,002 


± 


0, 


.001 


SMP 22 


6. 


,06 


± 


0, 


,25 


7. 


96 


± 


0, 


,06 


6. 


,30 ± 0.01 


5, 


,23 


± 


0, 


.06 


6, 


,61 ± 0.02 


7.18 


± 


0, 


,06 


0, 


,002 


± 


0, 


.001 


SMP 23 


7. 


,80 


± 


0, 


,25 


7. 


12 


± 


0, 


,08 


7. 


,39 ± 0.01 


5, 


,45 


± 


0, 


.07 


7, 


,39 ± 0.01 


8.10 


± 


0, 


,07 


0, 


,004 


± 


0, 


.001 


SMP 24 


7. 


,69 


± 


0, 


,25 


7. 


,26 


± 


0, 


,08 


6. 


,59 ± 0.02 


5, 


,63 


± 


0, 


.08 


7, 


,34 ± 0.02 


8.04 


± 


0, 


,07 


0, 


,003 


± 


0, 


.001 


SMP 25 


5, 


,63 


± 


0, 


,26 


7. 


,72 


± 


0, 


,10 


6. 


,72 ± 0.02 


4, 


,92 


± 


0, 


.09 


6, 


,43 ± 0.02 


6.96 


± 


0, 


,09 


0, 


,001 


± 


0, 


.001 


SMP 26 


7. 


,27 


± 


0, 


,29 


7. 


,85 


± 


0, 


,17 


6. 


,28 ± 0.03 


5, 


,57 


± 


0, 


.16 


7, 


,22 ± 0.04 


7.82 


± 


0, 


,16 


0, 


,003 


± 


0, 


.001 


SMP 27 


7. 


,77 


± 


0, 


,25 


7. 


,09 


± 


0, 


,17 


6. 


,72 ± 0.05 


5, 


,33 


± 


0, 


.08 


7, 


,26 ± 0.05 


8.08 


± 


0, 


,07 


0, 


,003 


± 


0, 


.001 


SMP 28 


6. 


,10 


± 


0, 


,25 


8. 


,04 


± 


0, 


,07 


6. 


,67 ± 0.03 


5, 


,38 


± 


0, 


.07 


6, 


,78 ± 0.02 


7.21 


± 


0, 


,06 


0, 


,002 


± 


0, 


.001 


SMP 32 


7. 


,53 


± 


0, 


,24 


7. 


,09 


± 


0, 


,05 




7.98 


4, 


,78 


± 


0, 


.05 




7.15 


7.96 


± 


0, 


,05 


0, 


,005 


± 


0, 


.001 


SMP 34 


7. 


,71 


± 


0, 


,25 


7. 


,24 


± 


0, 


,06 




6.06 


5, 


,48 


± 


0, 


.06 




7.53 


8.05 


± 


0, 


,06 


0, 


,003 


± 


0, 


.001 


MGPN 1 


7. 


,51 


± 


0, 


,26 


7. 


,95 


± 


0, 


,09 


8. 


,01 ± 0.01 


5, 


,85 


± 


0, 


.10 




6.68 


7.95 


± 


0, 


,09 


0, 


,006 


± 


0, 


.001 


MGPN 2 


6. 


,53 


± 


0, 


,34 


6. 


33 


± 


0, 


,24 


6. 


,90 ± 0.01 


5, 


,49 


± 


0, 


.24 


6, 


,88 ± 0.04 


7.43 


± 


0, 


,24 


0, 


,001 


± 


0, 


.001 


MGPN 3 


7, 


,01 


± 


0, 


,26 


6. 


,02 


± 


0, 


,24 


7. 


,37 ± 0.11 


5, 


,80 


± 


0, 


.14 


6, 


,98 ± 0.12 


7.68 


± 


0, 


,10 


0, 


,002 


± 


0, 


.001 


MGPN 5 


6. 


,95 


± 


0, 


,39 


7. 


,52 


± 


0, 


,33 


7. 


,74 ± 0.20 


5, 


,98 


± 


0, 


.31 


6, 


,69 ± 0.11 


7.65 


± 


0, 


,30 


0, 


,003 


± 


0, 


.001 


MGPN 6 


5. 


,12 


± 


0, 


,25 


6. 


,74 


± 


0, 


,05 




7.07 


5, 


,51 


± 


0, 


.05 




5.81 


6.69 


± 


0, 


,05 


0, 


,001 


± 


0, 


.001 


MGPN 7 


7. 


,45 


± 


0, 


,44 


7. 


,28 


± 


0, 


,36 


5. 


,90 ± 0.02 


5, 


,61 


± 


0, 


.36 


7, 


,63 ± 0.01 


7.92 


± 


0, 


,36 


0, 


,003 


± 


0, 


.001 


MGPN 8 


8. 


,23 


± 


0, 


,30 


7. 


,02 


± 


0, 


,18 




6.06 


6, 


,74 


± 


0, 


.18 




7.59 


8.33 


± 


0, 


,18 


0, 


,007 


± 


0, 


.002 


MGPN 9 


6. 


,47 


± 


0, 


,25 


6. 


,64 


± 


0, 


,07 




6.57 


5, 


,28 


± 


0, 


.07 




6.70 


7.40 


± 


0, 


,07 


0, 


,001 


± 


0, 


.001 


MGPN 10 


5. 


,97 


± 


0, 


,24 


7. 


,07 


± 


0, 


,05 




7.51 


5, 


,53 


± 


0, 


.05 




6.34 


7.14 


± 


0, 


,05 


0, 


,001 


± 


0, 


.001 


MGPN 11 


7. 


,47 


± 


0, 


,29 


7. 


,85 


± 


0, 


,34 


7. 


,43 ±0.21 


5, 


,76 


± 


0, 


.20 


6, 


,67 ±0.14 


7.93 


± 


0, 


,17 


0, 


,004 


± 


0, 


.001 


MGPN 12 


6. 


,23 


± 


0, 


,24 


8. 


,22 


± 


0, 


,05 




6.50 


5, 


,57 


± 


0, 


.05 




6.97 


7.27 


± 


0, 


,05 


0, 


,003 


± 


0, 


.001 


MGPN 13 


7. 


,66 


± 


0, 


,27 


6. 


,54 


± 


0, 


,16 


6. 


,18 ±0.03 


5, 


,63 


± 


0, 


.13 


6, 


,65 ± 0.03 


8.03 


± 


0, 


,12 


0, 


,002 


± 


0, 


.001 


Ma 01 


7. 


,07 


± 


0, 


,24 


7. 


,64 


± 


0, 


,05 




8.27 


5, 


,95 


± 


0, 


.05 




6.98 


7.72 


± 


0, 


,05 


0, 


,008 


± 


0, 


.001 


Ma 02 


7. 


,04 


± 


0, 


,24 


6. 


,87 


± 


0, 


,05 




6.43 


5, 


,44 


± 


0, 


.05 




7.25 


7.70 


± 


0, 


,05 


0, 


,001 


± 


0, 


.001 
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4.4. Comparison with previous results 

Several works have dealt with the determination of the 
chemical composition of PNe in the SMC, so it is inter- 
esting to compare our results with some previous abun- 
dance determinations. Stasihska et al. (11998| have collected 
photometric and spectroscopic data on PNe in five galax- 
ies including the SMC, a work later extended by Richer 
& McCall pM|) . In the SMC, the PNe sample is sim- 
ilar to our present sample, containing about 60 objects. 
From Stasihska et al. (|1998p . an average oxygen abundance 
(eo) = (logO/H±12) ~ 7.74 to 8.10 was obtained, depend- 
ing on the luminosity of the objects, in excellent agreement 
with our own average, (co) — 7.89, estimated from Table|51 
Also for the N/0 ratio, Stasihska et al. (1998) obtain an 
average in the range —0.46 > (log N/0) > —0.66, while our 
average is (log N/0) ~ —0.55. 



Planetary nebulae can be useful as probes of the 
chemical evolution of galaxies by considering distance- 
independent correlations involving the measured abun- 
dances, which can then be compared with predictions of 
chemical evolution models. Also, these correlations are an 
efficient way to compare abundance determinations from 
different sources. A recent discussion of some of these corre- 
lations for PNe in the Galaxy and in the Magellanic Clouds 
has been given by Maciel et al. (^2006), to which the reader is 
referred for details. Here we will present an example of such 
a correlation, for the elements Ne and O. Since these ele- 
ments are not primarily produced in the PNe central stars, 
a tight correlation can be expected, as shown in Fig. [31 In 
this figure, filled circles show the present abundances, and 
the dashed line shows the corresponding least squares fit, 
with a slope of 0.86 and a correlation coefficient r ~ 0.92. 
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Fig. 3. Neon and Oxygen abundances for PNe in the SMC. 
Filled circles: this work. Empty circles: data from Stasinska 
et al. p998p . The dashed line shows a least squares fit to 
our data. An average error bar is shown at the lower right 
corner. 

An average error bar according to the data in Table [5] is 
included at the lower right corner. 

The results by Stasinska et al. (|1998p are also included 
in Fig.[3]as empty circles, and it can be concluded that there 
is a very good agreement between the different sources. In 
fact, as shown by Richer & McCall (|2006)) . the Ne/H x 
O /H relation observed in bright PNe is essentially the same 
found in the interstellar medium of star forming galaxies, 
including several objects in the Local Group. The usual 
interpretation of this fact is that the progenitors of most 
PNe do not significantly modify cither of these abundances. 
Other alpha-elements in our sample also show good correla- 
tions with oxygen, except for sulphur. This can be explained 
by the very low flux of the [SII] lines, which are good for 
the determination of the electron density, but not for ionic 
abundances. On the other hand, the sulphur anomaly as 
discussed by Henry et al. (2004) may also play a part. 

In a recent paper, Leisy & Dcnncfcld (|2006p presented a 
detailed analysis of a large sample of PNe in the Magellanic 
Clouds. The sample included their own data plus other 
objects from the literature, for which the elemental abun- 
dances were derived in a homogeneous way. It is interesting 
to compare our results with this sample, but it should be 
noted that the SMC sample of Leisy & Dennefeld (|2006p is 
actually smaller than ours, amounting to 37 objects with 
derived abundances. They make an attempt to adapt to 
the SMC the Peimbert criteria (cf. Peimbert ri978p . which 
classify Galactic PNe according to their chemical, spatial 
and kinematical properties. Such an adaptation is not ob- 
vious, as it is generally based on a comparison of chemical 
abundances, while the original Peimbert criteria also take 
into account the space and kinematical properties, which 
are different in spiral and irregular galaxies. Furthermore, 
the Magellanic Clouds have lower metallicity compared to 
the Galaxy, and some sort of calibration needs to be done 
for PNe in the LMC and SMC, which introduces an ad- 
ditional uncertainty. In fact, Leisy & Dennefeld (|2006p do 
not obtain a clearcut separation between their Type I and 
non-Type I objects, and find a continuity in the He and 
N/0 abundances between these types. Therefore, this dis- 
tinction is not well defined, so that in the following we will 
not give further consideration to this separation. Table [5] 



shows our average results obtained from Table [5] in com- 
parison with the averages from Leisy & Dennefeld l|2006p 
for the SMC objects. We reproduce their results for Type 
I and non-Type I objects, as well as their compilation for 
HII region abundances, taken from Dennefeld (|1989)) . 

Table |9] shows a very good agreement between our av- 
erage abundances and those by Leisy & Dennefeld (I2006p . 
taken as an average between their Type I and non-Type 
I objects. Moreover, from a comparison of the PNe aver- 
ages with those from HII regions, we do not find any clear 
evidence of contamination in the progenitor stars of the el- 
ements O, Ne, Ar, and S, suggesting that ON cycling may 
operate in the massive progenitors only, which probably 
consist of a small fraction of the stars leading to the PNe 
in our sample. Naturally, for He, C, and N there are im- 
portant differences between the nebular gas in PNe and 
the interstellar gas, which are admittedly due to the nucle- 
osynthetic processes in the progenitor stars. 

5. Effective temperatures and luminosities of the 
central stars 

To derive the effective temperature (Teff) of PNe central 
stars, we used the method described by Kaler & Jacoby 
(|1989p . The temperatures of PNe progenitors were esti- 
mated using Hell A4686/H/3 ratio, which is a better Tef / es- 
timator than the [OIII] A5007/H/3 ratio, as discussed largely 
in the literature. 

Progenitor luminosities L/Lq were derived from Kaler 
& Jacoby (|1989p relations of V magnitude with H/3 abso- 
lute flux, Teff and extinction coefficient (cext)- H/3 absolute 
fiuxes were taken from the Meatheringham et al. Ijl988p 
compilation, complemented by Wood et al. (|1987p data as 
necessary, {cext) are from the compilation of Tabled] The 
estimated errors for H/3 fluxes and {cext) are basically the 
dispersion of the different measurements. When the mea- 
surements are from one source, the estimated errors are 
given by the original references. 

To transform V into L/Lq, we used the relations in- 
volving the bolometric corrections as given by Cazetta & 
Maciel (il994j)i assuming a SMC distance of 57.5 kpc (Feast 
& Walker fl987p . which is within 5% of most recent deter- 
minations (see for example Harries et al. 120031 and Keller & 
Wood [2006]) . Masses, and then ages, were derived using the 
Vassiliadis & Wood (1994) isochrones and mass- age rela- 
tionships, with the luminosities and effective temperatures 
derived as explained above. The isochrones were selected 
according to the derived heavy element abundance Z, as 
given in Table [51 The resulting progenitor star masses and 
ages are given in Table [TOl along with the effective temper- 
atures and luminosities. Figure |4] displays the position of 
each object on the HR diagram over the adopted isochrones. 
We found that most central stars are younger than about 
6 Gyr, which is similar to the results for galactic PNe from 
Maciel et al. fM) 7). but in the case of the SMC the fraction 
of objects younger than 4 Gyr is much higher than in the 
case of the Galaxy. 

6. The age-metallicity relation 

As a first approximation, O, Ne, S, and Ar measured in PNe 
can be used as tracers of interstellar abundances at the time 
the progenitor stars were born. Since these elements are 
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Table 9. Average abundances compared with Leisy & Dennefeld (|2006p . 





He 


C 


N 





Ne 


S 


Ar 


N/O 


Hll regions 


10.90 


7.19 


6.46 


7.97 


7.22 


6.32 


5.78 


-1.51 


Type I (LD) 


11.09 


7.82 


7.78 


7.80 


7.09 


7.01 


5.67 


-0.03 


non-Type I (LD) 


10.90 


8.81 


7.11 


8.09 


7.16 


6.62 


5.51 


-0.98 


This work 


10.99 


7.41 


7.35 


7.89 


7.14 


6.98 


5.59 


-0.55 



Table 10. Progenitor star parameters". 



Object 




log(i/LQ) 


Mass (Mq) 


Age (Gyr) 


SMP 1 


4.859 ±0.003 


3.63 ±0.10 


1.7 ±0.2 


1.85 


SMP 2 


5.168 ±0.039 


3.81 ±0.17 


1.9 ±0.5 


1.39 


SMP 3 


5.011 ± 0.014 


3.20 ±0.10 


0.95 ±0.02 


12.2 


SMP 4 


4.836 ± 0.006 


3.45 ±0.22 


0.98 ±0.11 


10.6 


SMP 5 


5.219 ±0.017 


3.91 ±0.26 


2.3 ±0.3 


0.83 


SMP 6 


4.839 


4.00 ± 0.12 


2.1 ± 0.5 


1.03 


SMP 7 


5.009 ± 0.020 


2.77 ±0.13 


0.89 




SMP 8 










SMP 9 


5.301 ±0.051 


3.84 ±0.19 


2.5 ±0.5 


0.69 


SMP 10 


4.843 ± 0.009 


3.77 ±0.37 


2.0 ±0.7 


1.05 


SMP 11 


4.885 ± 0.020 


3.81 ±0.27 


1.2 


7.0 


SMP 12 


4.868 ± 0.006 


2.87 ±0.21 


0.95* 


11.4 


SMP 13 


4.834 


3.99 ± 0.22 


2.5 ±0.7 


0.69 


SMP 14 


5.182 ±0.048 


3.46 ±0.19 


1.7 ±0.2 


1.85 


SMP 15 


4.843 ± 0.005 


3.92 ± 0.11 


1.9 ±0.5 


1.39 


SMP 16 


4.844 ± 0.004 


3.47 ±0.04 


1.2 ±0.2 


5.5 


SMP 17 


4.863 ± 0.004 


4.30 ± 0.22 


4.5 ± 1.5 


0.15 


SMP 18 










SMP 19 


5.227 ± 0.023 


3.78 ± 0.22 


2.3 ± 0.4 


0.83 


SMP 20 


4.834 


3.75 ± 0.04 


1.0 ±0.1 


9.9 


SMP 21 


5.195 ±0.034 


3.28 ± 0.2 


1.0 ±0.0 


9.9 


SMP 22 


5.326 ± 0.014 


3.80 ±0.13 


1.5" 


2.7 


SMP 23 


4.903 ± 0.004 


3.09 ±0.09 


0.9 


14.8 


SMP 24 










SMP 25 


5.256 ±0.057 


3.33 ±0.30 


1.3 ±0.1 


5.6 


SMP 26 


5.289 ±0.027 


3.19 ±0.24 


2.2 ±0.2 


0.95 


SMP 27 


4.869 


3.73 ± 0.05 


1.3 ±0.1 


5.3 


SMP 28 


5.293 ±0.016 


3.37 ±0.10 


1.5 ±0.0 


2.7 


SMP 32 










SMP 34 


5.008 


2.56 ± 0.05 


0.89* 


15.0 


MGPN 1 


5.091 


4.36 ±0.17 


5.0 ± 1.5 


0.09 


MGPN 2 


4.998 


5.13 ±0.05 






MGPN 3 


5.088 


2.76 ± 0.05 


0.9** 


15.0 


MGPN 5 


5.503 ± 0.039 


2.71 ±0.14 






MGPN 6 


5.530 


2.93 ±0.13 






MGPN 7 


5.156 ±0.091 


3.55 ±0.34 


1.3 ±0.3* 


5.2 


MGPN 8 


5.146 


2.98 ±0.01 


1.4 ±0.0 


3.7 


MGPN 9 


4.841 








MGPN 10 


5.530 


3.26 ±0.10 






MGPN 11 


3.88 ± 0.38 


2.0 ± 1.0 


1.1 




MGPN 12 


5.297 








MGPN 13 


5.530 ± 0.076 


3.37 ±0.26 






Ma 01 










Ma 02 
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" * upper limit, ** lower limit 



generally well correlated with each other, as we have seen 
in Fig. [5J in the following we will consider oxygen abun- 
dances as representative, since the oxygen lines are very 
bright and the abundances are well determined. Fig. Ogives 
the derived age-metallicity relation in the form of oxygen 
abundances as a function of age. The abundances are de- 
fined as [0/H] ~ log(0/H) - log(O/H)0, as usual, and the 



solar abundance was taken as log(0/H)Q + 12 = 8.70 (see 
for example AUende-Prieto et al. i2001i and Asplund et al. 
I2004p . Error bars are included for the oxygen abundances 
according to the values given in Table [H Concerning the 
stellar ages, it is difficult to estimate meaningful uncertain- 
ties, but based on the adopted isochrones, a typical error 
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Fig. 4. Position of the PNe central stars on the HR diagram. Isochrones are from Vassiliadis & Wood (|1994|) . 



of about At ~ 0.5 Gyr can be estimated for ages t < 4 Gyr, 
and of Ai ~ 2 Gyr for older objects. 

The three young objects in Fig. [5] with low oxygen 
abundances and represented as empty circles are SMP22, 
SMP25, and SMP28. These nebulae have extremely large 
N/0 ratios, log(N/0) ~ 0.8, compared to the other objects. 
Since their nitrogen abundance relative to hydrogen is nor- 
mal, log(N/H)+12 ~ 8, their oxygen abundance is strongly 
depressed, probably owing to ON cycling in the progenitor 
star. Therefore these objects should not be included in the 
determination of the age-metallicity relation. 

In order to compare our derived age-metallicity rela- 
tion with stellar data, it is interesting to convert the [O /H] 
abundances into [Fe/H] metallicities. Iron cannot be ac- 
curately determined from PNe data, in view of the faint- 
ness of the Fe lines and the possibility of grain condensa- 
tion, but average [0/Fe] x [Fe/H] relationships can be ob- 



tained from stellar data or theoretical models. In the range 
—2.0 < [Fe/H] < 0.0 this relationship is approximately lin- 
ear, so that an [0/H] to [Fe/H] conversion formula can be 
written as 



[Fe/H] 



6 [0/H] 



(3) 



where a and b are constants in this metallicity range. As an 
example, the theoretical SMC model by Russell & Dopita 
(1992) leads to the coefficients a ~ 0.45 and b ~ 1.41. 
Alternatively, using the theoretical [0/Fe] x [Fe/H] rela- 
tion for the Magellanic Clouds given by Matteucci (120001 
fig. 6.3), one obtains a ~ 0.16 and b ~ 1.27. Also, using the 
approximate [0/H] x age relation for the SMC planetary 
nebulae, and an [Fe/H] x age relation obtained from the 
SMC cluster data of Da Cos ta & Hatzidi mitriou p998p . de 
Freitas Pa checo et al. (|T998l) . Piatti et al. p00n[2005)) . and 
Da Costa (|2002p . we have a ~ 0.15 and b ~ 1.28, very sim- 
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Fig. 5. Oxygen abundances as a function of age. A second 
order polynomial fit is also included (dashed line). Objects 
plotted as empty circles are not included in the fit. 



ilar to the previous set of coefficients. The corresponding 
[0/Fe] X [Fe/H] relation from these sources present a good 
fit with stellar data from several sources, as can be seen for 
example from Hill et al. (1997). Fig. [6^ shows the [Fe/H] 
X age relationship obtained using Eq. [3]with the constants 
derived from the [0/Fe] x [Fe/H] relation for the SMC from 
Matteucci (|2000|) . The other sets of coefficients mentioned 
above would lead to a figure very similar to Fig. [6^. Since 
we would like to compare this relationship with some work 
done previously to the derivation of the new solar oxygen 
abundances, we have used in the calibration of Fig. [6] the 
older solar abundances, namely log (O/H)© + 12 = 8.93 
(cf. Anders & Grevesse ll989p . A similar plot based on pre- 
liminary results was presented by Idiart et al. (2005]). 

The results of Fig. [5] or Fig. [S] can be conservatively in- 
terpreted as a mild decrease of the metallicity with age, as 
shown by the dashed line, which is a least squares fit to the 
data adopting a second order polynomial, and not including 
the objects represented as empty circles. However, a closer 
look suggests that there is a sharper increase in the abun- 
dances in the last 2 Gyr, whereas for ages larger than 3 Gyr 
the abundances do not change appreciably, which is consis- 
tent with a recent burst of star formation. For illustration 
purposes. Fig. [S] includes the theoretical age-metallicity pre- 
dicted by the model of Pagel & Tautsvaisiene p998p . which 
clearly indicates a burst in the last 2 to 3 Gyr. It is not our 
purpose here to fit the observed age-metallicity relation to 
theoretical models, but it should be mentioned that the 
agreement between our results and the models by Pagel 
& Tautvaisiene (|1998p can be improved by calibrating the 
oxygen abundances directly with the model input. In this 
case, we could adopt [Fc/H] ~ —0.45 for the youngest ob- 
jects as in Pagel & Tautvaisiene (1998), which corresponds 
to log (0/H) 12 ~ 8.54 in our sample, or [0/H] ~ -0.39 
[using log (0/H)o + 12 ~ 8.93], so that we would have 
[O/Fe] ~ 0.06 and the metallicity would be given by [Fe/H] 
~ [0/H] - 0.06, instead of EqO Fig. [6)3 shows the corre- 
sponding age-metallicity relation, which is better adjusted 
to the data, especially near the burst region at t < 3 Gyr. 

The presence of bursts in the Magellanic Clouds has al- 
ready been suggested in some previous work. For instance, 
in the case of the LMC some signs of star formation bursts 
can be seen in the age-metallicity relation derived from 
HST observations of PNe by Dopita et al. (fTMTl fig. 5) and 





Age (Gyr) 

Fig. 6. [Fe/H] metallicities as a function of age. The solid 
line shows the results of theoretical models for the SMC by 
Pagel & Tautvaisiene (|1998p . The data points show (a) the 
converted [Fe/H] metallicities using the [0/Fe] x [Fe/H] re- 
lationship from Matteucci (|2000p . (b) the converted [Fe/H] 
metallicities obtained by calibrating the [0/H] x [Fe/H] re- 
lationship matching the abundances of the youngest objects 
in our sample and in the models by Pagel & Tautvaisiene 



Dopita p999p . In this case, a strong burst of star forma- 
tion was suggested between 1-3 Gyr ago, which increased 
the metallicity by a factor larger than two. Stellar cluster 
data also support these conclusions, as can be seen from 
van den Bergh (|199I)) and Girardi et al. (|1995p . More gen- 
erally, recent models of Blue Compact Galaxies and dwarf 
spheroidal galaxies in the Local Group were developed by 
Lanfranchi & Matteucci (2003) who suggested that the for- 
mer are characterized by several short bursts of star forma- 
tion separated by long quiescent periods, while for the latter 
one or two long bursts and efficient stellar winds would be 
sufficient. 

For the SMC, the age distribution of clusters seems to be 
more homogeneous (cf. van den Bcrgh [TMT|) . a result that is 
supported by the essentially monotonic age-metallicity re- 
lation derived by Dolphin et al. (|200ip on the basis of SMC 
clusters and field stars. More recently, Harris & Zaritsky 
(2004} determined the global star formation history (SFH) 
and the age-metallicity relation for the SMC based on their 
photometric survey. In this distinct increase in the 
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global metallicity occurred in the last 3 Gyr, rising the 
metallicity from [Fe/H] ~ -0.9 to [Fe/H] ~ -0.4, which 
is consistent with our results, taking into account the un- 
certainties in the metallicity determination. As discussed 
by Harris & Zaritsky (|2004p . that period coincided approx- 
imately with a past perigalactic passage by the SMC rela- 
tive to the Milky Way, which may have originated the ob- 
served burst. These results are largely consistent with clus- 
ter data by Da Costa & Hatzidimitriou (|1998p and Piatti 
et al. (|2001|. 120051) . Also, in a recent work, Kayser et al. 
(|2007p obtained VLT spectroscopy and HST photometry 
for a large sample of SMC clusters. Using a [Fe/H] calibra- 
tion and adopted ages, they derived an age-metallicity rela- 
tion and found a flat plateau between 2 and 4 Gyr approx- 
imately, and a steep rise towards the younger end, which is 
in excellent agreement with our results shown in Fig. [6l In 
another recent work on the SFH of the SMC based on clus- 
ter data, Noel et al. p007|) obtained average metallicities at 
several age intervals for cluster ages t < 13 Gyr and found 
that the mean metallicities of the stars formed in the con- 
sidered SMC field were about [Fe/H] ~ -1.3 for t > 4 Gyr, 
increasing steadily to the present gas-phase abundance of 
about [Fe/H] ~ —0.5. Although these results are still pre- 
liminary, and represent a limited region of the SMC, it is 
interesting to note that a very good agreement is obtained 
with our present results. 



7. Conclusions 

In this paper we have presented new abundance data on 
planetary nebulae in the SMC, in order to study the chem- 
ical evolution of this galaxy. Spectral line fluxes are given 
for a sample of 36 nebulae, and the chemical composition 
is derived for a larger sample of 44 objects. The physical 
properties of most of the PNe progenitor stars are derived, 
including the effective temperatures, luminosities, masses, 
and ages. As a result, an age-metallicity relation was ob- 
tained for the SMC, which shows a clear indication of a 
star formation burst that occurred 2-3 Gyr ago. By the 
use of a calibration between the Fe and O abundances, this 
relation can be compared with similar relations obtained 
recently, acting as an important constraint to chemical evo- 
lution models for the SMC. 
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